The aim of this work was to develop a fast-dissolving film formulation containing EFdA for potential use as a topical vaginal microbicide for prevention of HIV sexual transmission. Solid state compatibility approaches were used to screen commonly used polymers for formulation development. Factorial design and desirability function were used to investigate the effect of two variables, the ratio of the polymers and the concentration of selected plasticizer on four mechanical responses including tensile strength, elongation at break, toughness and elastic modulus for optimization of the film formulation. Assessments of EFdA-loaded films included physicochemical characteristics, in vitro cytotoxicity, epithelia integrity, ex vivo permeability and bioactivity test. The optimal placebo film was composed of PVA, HPMC E5 and propylene glycol (7:3:3, w/w), and its mechanical characteristics were comparable to those of VCF ® film (a commercial vaginal film product). Permeability studies using human ectocervical explants showed that there was no significant difference in cumulative permeated amount of EFdA between EFdA film and free EFdA. The results of in vitro cytotoxicity and bioactivity testing showed that 50% cytotoxic concentration (CC 50 ) was several orders of magnitude higher than 50% effective concentration (EC 50 ) of EFdA. Furthermore, epithelial integrity study showed that EFdA-loaded film had a much lower toxicity to HEC-1A cell monolayers as compared to VCF ® . Therefore, EFdA-loaded vaginal film may be considered as a promising vaginal microbicide for HIV prevention.
Introduction
Sexually transmitted infections (STIs), such as human immunodeficiency virus (HIV), herpes simplex virus (HSV) and gonorrhea are spread predominantly through unprotected heterosexual vaginal intercourse (UNAIDS, 2010) . Women appear to be at higher risk for infection than men, with an estimated 30% to 40% of annual worldwide infections occurring through HIV invasion of the female genital tract via exposure to virus-containing semen, because of the inability to negotiate safe sex practices and biological vulnerability of female genital tract (Hladik and Hope, 2009) . Although vaginal epithelial cells have limited permeability to particles greater than 30 nm (HIV virions are 80-100 nm), HIV seems to enter the superficial layers of the squamous epithelium by diffusing across a concentration gradient, and sequesters itself on the surface of epithelial cells until it can infect other cell types such as CD4 + cells and Langerhans cells (Cutler and Justman, 2008) . Therefore, it is imperative to develop female-controlled strategies for the prevention of HIV transmission. Microbicides are an anti-infective medication formulated for topical self-administration before intercourse to protect against sexually transmitted pathogens (Stone, 2002) , and are recognized as a promising method for the prevention of HIV transmission. Microbicides can be classified into two general categories based on the mechanism of microbicidal action, non-specific microbicides such as detergents and buffering agents, and highly specific anti-HIV agents including viral entry, fusion, integrase and reverse transcriptase inhibitors (Balzarini and Van Damme, 2007) .
Nucleoside reverse transcriptase inhibitors (NRTIs) are crucial components of highly active antiretroviral therapy (HAART) for systemic treating HIV infection. All FDA-approved NRTIs are nucleoside analogs lacking a 3′-hydroxyl group. Thus upon incorporation of an NRTI into the growing viral DNA, further DNA chain extension is terminated (Sohl et al., 2012) . We have been evaluating a novel experimental NRTI, 4′-ethynyl-2-fluoro-2′-deoxyadenosine (EFdA), which possesses a 3′-hydroxyl moiety yet functions as a chain terminator by a novel mechanism of action (Nakata et al., 2007) . EFdA possesses highly potent activity against wild-type HIV-1 as well as diverse multidrug-resistant HIV strains, and has a substantially more favorable selectivity index (CC 50 /EC 50 ) than any of the current clinically approved NRTIs (Kawamoto et al., 2008; Michailidis et al., 2009; Hattori et al., 2009) . EFdA also showed potent activity in vivo in both HIV-1-infected hu-PBMC-NOJ mice model and in SIV-infected rhesus macaques, with no apparent toxicity noted in either study (Murphey-Corb et al., 2012; Rohan and Sassi, 2009) . EFdA thus may be a very promising drug candidate for use both in HIV therapeutic and prevention modalities.
Currently, several dosage forms including gels, tablets, soft-gel capsules, polymeric films and intravaginal rings have been investigated as drug delivery systems for vaginal microbicide products ranging from liquid to solid dosages forms to provide users with options without the constrains of their social environment, personal choice and environmental conditions (Rohan and Sassi, 2009; Nel et al., 2011; Akil et al., 2011; Garg et al., 2010; Romano et al., 2008; Elias and Coggins, 2001; Raymond et al., 1999 Raymond et al., , 2005 . Polymeric thin films are a vaginal drug delivery system which offers several advantages over traditionally established dosage forms (Rohan and Sassi, 2009; Akil et al., 2011) . Polymeric films are thin strips of polymeric water-soluble excipients which dissolve when placed on the vaginal mucosal surface to release the active ingredient. Polymeric films offer accurate dose administration and can be applied without an applicator. Other advantages include good portability, easy storage, discreet use, no product leakage and reduced cost (Garg et al., 2010; Romano et al., 2008) . Furthermore, vaginal polymeric thin films can be used to stabilize drugs susceptible to degradation in aqueous condition. Additionally, results of published acceptability studies showed that vaginal films were favorably accepted by women over other vaginal dosage forms such as gels, foams and tablets (Nel et al., 2011; Elias and Coggins, 2001; Raymond et al., 1999 Raymond et al., , 2005 .
At present, there are only three commercially available vaginal films including vaginal contraceptive film (VCF), vaginal lubricating film and vaginal scented film. It is important to develop new drug-loaded vaginal film formulations as topical microbicide candidates for HIV prevention. The objective of this work was to develop a fast-dissolving vaginal film containing EFdA. The formulation of the film was optimized by factorial experimental design and desirability function. In vitro and ex vivo evaluations of EFdA-loaded films, including physicochemical properties, in vitro cytotoxicity, epithelial integrity, permeability and bioactivity testing, were performed. Our results suggest that EFdA can be readily formulated into vaginal films and that these films may have great potential to be an effective topical microbicide product for HIV prevention.
Materials and methods

Materials
EFdA was prepared by custom synthesis (Life Chemicals, Burlington, ON, Canada). BD Falcon ™ cell culture inserts, methanol (HPLC grade), 1-octanol, DMSO, HEPES, fetal bovine serum (FBS) potassium biphthalate, potassium phosphate monobasic, potassium chloride, sodium chloride, certified 0.2 M sodium hydroxide and hydrochloric acid solutions were obtained from Fisher Scientific (Pittsburgh, PA, US). Polyvinyl alcohol (PVA), carboxymethylcellulose sodium (CMC-Na), propylene glycol, glycerin, triacetin, PEG 400 and sorbitol were purchased from Spectrum (Gardena, CA, US). PEG 4000 and hydroxypropyl methyl cellulose E5 (HPMC E5) were obtained from Dow Chemical Company (Midland, MI, US). HPMC K4M was obtained from Colorcon (West point, US). HBSS was purchased from Lonza (Walkersville, MD, USA). MTT was purchased from Sigma-Aldrich (St. Louis, MO, USA). Methane-sulfonic acid was obtained from Acros (Morris Plains, NJ, US). PBS (pH 7.4), RPMI1640, Dulbecco's modified Eagle medium (DMEM) and penicillin-streptomycin were purchased from Mediatech Inc (Manassas, VA, US). Boric acid was purchased from Professional Compounding Centers of American, Inc. (Houston, TX, US). All other chemicals were analytical grade. Ultrapure water was obtained in-house from a MilliQ water purification system.
HPLC analysis
An HPLC system (Waters Corporation, Milford, MA) equipped with an auto injector (model 717), a quaternary pump (model 600), and a Photodiode Array Detector (PDA, model 2996) was used for analytical method development. Empower Pro 2 software (Waters Corporation) was used to control the HPLC system. Separation of the compound of interest was achieved by using a Zorbax Eclipse XDB C18 column (3.5 μm, 100 × 4.6 mm). The mobile phase consisted of (A) 0.4% phosphoric acid in MilliQ water and (B) methanol using a gradient elution of 10-40% B at 0-5 min, 40-60% B at 5-10 min, 60% B at 5-6 min, 60-10% B at 10-13 min and 10% B at 13-20 min at a flow rate of 0.8 ml/min. Sample injection volume was 10 μl and EFdA was determined by UV detection at 260 nm. All experiments were performed at room temperature and the total peak area was used to quantify EFdA.
Solid state compatibility
Various polymer solutions with the concentration of 2% or 4% (w/w) were prepared by dissolving polymers in MilliQ water under stirring. Ethanol was used to dissolve EFdA. Approximate 1 ml polymer solution and 0.1 ml EFdA solution with the concentration of 10 or 20 mg/ml were mixed together. In cases where precipitation was observed, the samples were mixed vigorously prior to spreading using a vortex mixer. Approximately 0.5 ml of mixture was spread out over the slide using a coverslip. Following spreading, the samples were placed at room temperature overnight, and the slides were observed by a Zeiss Axioskop 40 inverted phase-contrast microscope (Thornwood, NY). In addition, polymer solution alone, and mixture of polymer solution and 0.1 ml ethanol were used as the control, respectively.
Film formulation
2.4.1. Preparation of placebo film-Based on the results of the compatibility study, PVA and HPMC E5 were selected as film-forming polymers. The placebo film was prepared by the solvent casting method. Briefly, PVA was dissolved in MilliQ water, and to expedite dissolution, the mixture was placed in a hot water bath (90 °C) until the PVA was completely hydrated. HPMC E5 was then slowly added into the PVA solution with moderate stirring using an overhead mixer. After the polymer solution became uniform and homogenous, the plasticizer dissolved in ethanol was added. The mixture was allowed to stir overnight in order to remove any entrapped air bubbles. The uniform polymer solution was cast onto a polyester substrate attached to the hot surface of an automatic film applicator (Elcometer ® 4340) using an 8-inch doctor blade. The film sheet was allowed to dry for about 13 min before it was peeled off from the polyester substrate. Once the film sheet was obtained, it was cut into 1 in. × 2 in. pieces using a die press. 2.4.2. Optimization of the ratio of PVA and HPMC E5-In this study, the total amount of the polymers (PVA and HPMC E5) was kept constant (10%, w/w) while the composition was varied. To optimize the ratio of PVA and HPMC E5 in the film formulation, PEG 400 was employed as model plasticizer and a 3 2 randomized factorial design was used in this study (Table 1) . Two independent variables, the percentage of PVA (%, X 1 ) and the concentration of PEG 400 (%, X 2 ), were set at three different levels. Low, medium and high levels of each factor were coded as −1, 0 and 1, respectively. Tensile strength, elongation at break, toughness and elastic modulus which were calculated by the following Eqs. (1-4), were selected as dependent responses since they were generally regarded as significant factors for assessing mechanical properties of the film. An ideal film should have moderate tensile strength, high elongation at break and low elastic modulus. However, it was not possible to optimize all the conditions simultaneously because sometimes they did not coincide with each other, and conflict may also occur between these variables. Therefore, the multi-criteria problem can be treated as single criterion problem by utilizing the desirability function approach in order to find the best compromising formulation for all the responses (Zhang et al., 2009 ). At present, there is no optimal specification for tensile strength, so the range of tested values of a commercial film product (VCF ® ) was chosen as reference (1400-2200 g/mm 2 ). As moderate tensile strength was expected, the formulation which had its value of tensile strength within this range would have a desirability value (d 1 ) of 1, while the others which had values out of this range would have a desirability value (d 1 ) of 0. The desirability function was described as below: (5) where d 1 is the individual desirability of tensile strength; Y min and Y max represented the lowest and the highest value of VCF ® during the measurement, respectively.
For a response to be maximized, the desirability function was defined as: (6) where d 2 and d 3 were the individual desirability functions of elongation at break and toughness, respectively; Y target indicated the characteristic value of VCF ® .
For a response to be minimized, the desirability function was defined as: (7) where d 4 was the individual desirability of elastic modulus.
The overall desirability value (D), a global desirability function, was calculated using the following expression: (8) 2.4.3. Selection of plasticizer-Once the ratio of PVA and HPMC E5 was determined, another four plasticizers including PEG 4000, triacetin, propylene glycol and sorbitol were explored for optimization of the placebo films (Table 2) .
Preparation of
EFdA-loaded film-The solvent casting method was used to make the drug containing film as described above except that desired amounts of EFdA (0.1%, w/w) and propylene glycol were dissolved in ethanol.
Film characterization
2.5.1. Mechanical property-Mechanical characteristics of EFdA-loaded films including tensile strength, elongation at break, toughness and elastic modulus were measured using a texture analyzer (TA. XT. Plus ® , New York, NY). Briefly, the film was placed between two clamps positioned at a distance of 4.85 mm in the same plane. During the measurement, the lower clamp was fixed and the film was pulled by the upper clamp at a rate of 3.00 mm/s. The force and elongation at the moment of break were recorded.
Moisture content-Residual water content of the films was measured using a Karl
Fisher apparatus (Metrohm, 758 KFD Titrino) in accordance with the titration method specified by the manufacturer.
2.5.3. Drug content-For drug content determination, the EFdA-loaded film was dissolved in a 60% methanol solution and further diluted by MilliQ water. An aliquot was withdrawn from the diluted solution and analyzed using the previously described HPLC method. To ensure the uniform distribution of EFdA in the film, the drug content uniformity test was also conducted. Briefly, six 1 in. × 2 in. drug-loaded film pieces were collected from different locations of a whole film sheet. Each 1 in. × 2 in. film was further cut into six pieces, and each piece was processed and analyzed as described above.
Dissolution test-
To determine the kinetics of drug release from EFdA-loaded films in different media, an in vitro release study was conducted using a class IV USP apparatus (SOTAX CP7, Horsham, US) using a 70 ml reservoir and a flow rate of 16 ml/ min. Acetate buffer (pH 4.1), PBS (pH 5.2 and 7.4) and MilliQ water were used as the media. The test was carried out at 37 °C for 60 min. At appropriate time intervals, 0.5 ml aliquots were withdrawn and the samples were analyzed for EFdA by HPLC.
2.5.5. Stability assessment-To test physical stability, EFdA-loaded films were stored at 40 °C/75% RH for 3 months, and the films were monitored for time-dependent changes in weight, thickness, appearance, water content, drug content and in vitro release during the storage period.
2.5.6. Scanning electron microscopy (SEM)-Surface morphology of EFdA powder and EFdA-loaded film was analyzed by SEM (Philips XL30 FEG). Samples for SEM were mounted on aluminum holders by carbon conductive glue and coated with a platinum layer by platinum sputter coater before scanning.
X-ray diffraction (XRD)-XRD analysis of the films and EFdA powders was
conducted by an X-ray diffractometer (Philips PW1830/00, Almelo, Netherlands) equipped with a Cu Kα radiation source (40 kV, 30 mA, λ = 0.15406 nm). EFdA powders were pressed onto the sample holder to form a thin EFdA layer, while the films were directly placed on the sample holder. The samples were measured from 2.5° to 45° at a rate of 0.04°/ s.
In vitro cytotoxicity
CaSki, HEC-1A and A431 cell lines were obtained from ATCC and the cells were cultured at 37 °C with 5% CO 2 under fully humidified conditions. A431 cells were cultured in DMEM medium, supplemented with 10% FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin sulfate. CaSki cells were cultured in RPMI 1640 medium, supplemented with 10% FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin sulfate, and HEC-1A cells were cultured in McCoy's 5A modified medium, supplemented with 10% FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin sulfate.
Cells were seeded at the density of 1 × 10 4 cells per well in 96-well plates. After 24 h incubation at 37 °C with 5% CO 2 , the growth medium was replaced with 200 μl medium containing either EFdA with the concentration ranging from 5 ng/ml to 50 μg/ml (EFdA equivalent dose for drug-loaded films) or placebo film at corresponding concentration. After 24 h incubation, cell survival was measured using MTT assay. A volume of 180 μl fresh growth medium and 20 μl of MTT (5 mg/ml) solution were added to each well. The plate was incubated for an additional 3 h at 37 °C and the media were removed, and then 200 μl of DMSO was added to each well to dissolve the purple formazan crystals formed. All the plates were vigorously shaken before measuring the intensity. The absorbance at 595 nm of each well was determined by a microplate reader (Beckman Coulter ® DTX 880, USA).
Epithelial integrity study
For epithelial integrity assessment, HEC-1A cells were seeded at a density of 1 × 10 5 cells/ well onto per polycarbonate insert (0.9 cm 2 , 0.4 μm, BD Falcon TM ) in 12-well cell culture plates. The cells were cultured for 7 days and the cell growth medium was changed every other day. In order to determine the toxic effect of EFdA-loaded and placebo films on epithelial integrity, the transepithelial electrical resistance (TEER) values were determined. A drug-encapsulated film solution dissolved in complete cell culture medium with the concentration of 50 μg/ml EFdA and the corresponding placebo film solution were added into the apical chamber at t = 0 and resistance readings were measured at 30 min, 1, 2, 4, 8, and 24 h. In addition, a VCF ® film (active ingredient: 28% Nonoxynol-9) solution with the same concentration as that of placebo (based on the weight of the film), and culture medium alone were used as positive and negative control, respectively. TEER values across each cell layer were measured with a MilliCell-ERS resistance system (Millipore, Billerica, MA). TEER values were corrected by subtracting the background TEER obtained from inserts containing the same volume of culture medium but in the absence of cells. The resulting TEER was corrected for membrane growth area and expressed in Ω cm 2 . The relative epithelia integrity (%) of each formulation was normalized with respect to the TEER value of negative control. Tissue samples were from four women with median age of 45-50 years undergoing hysterectomy for benign conditions. All tissue specimens were obtained within 2 h of surgical excision. Tissues were held at 4 °C in DMEM during transfer from surgery to the laboratory. Excessive stromal tissue was removed and the epithelial layer was isolated using a Thomas-Stadie Riggs tissue slicer (Thomas Scientific, Swedesboro, NJ). The thickness of each tissue was measured by placing the tissue between two slides and the thickness was measured using a micrometer.
2.8.2.
Tissue permeability study-Human tissue permeability studies were conducted using a Franz cell system (PermeGear, Nazareth, PA). The Franz cell system is a twocompartment system consisting of donor compartment and receptor compartment. The system was water-jacketed and temperature was maintained at 37 °C throughout the experiment via a circulating water bath. The isolated epithelial sections of each tissue were placed between the donor and receptor compartments with the epithelial side of the tissue oriented toward the donor compartment which provided a diffusion area of 0.385 cm 2 . PBS (pH 5.2) solution was used as the medium. The receptor chamber was continuously stirred by a magnetic stir bar and the volume of the receptor compartment was 5.0 ml. The tissue was equilibrated with PBS in the donor compartment for about 5 min prior to the permeability study. After the equilibration period, PBS was removed from the donor chamber and replaced with 450 μl of EFdA in PBS (containing 100 μg drug). For the case of EFdA-loaded film, a piece of drug-loaded film to provide 100 μg EFdA was punched and carefully located onto the top of the epithelia, and then 450 μl PBS (pH 5.2) was added into the donor compartment. At various time intervals over a 6 h period, 200 μl aliquots were withdrawn from the receiver compartment. Receiver compartment medium was replenished with fresh medium after removal of each aliquot. EFdA amount in the receiver compartment was quantified by HPLC.
2.8.3. Histological evaluation-Tissues of pre-treatment and post-treatment were fixed in Clark's solution (ethanol/acetic acid 75:25) for 24 h, transferred to ethanol for 24 h, and subsequently embedded in paraffin. Tissue sections of 5 μm thickness were cut and stained with hematoxylin and eosin (H&E) for histopathological analysis. The tissues were imaged on a Zeiss Axioskop 40 inverted phase-contrast microscope (Thornwood, NY).
Bioactivity study
Two types of bioactivity tests were carried out, (i) standard antiviral activity, in which cells were simultaneously exposed to varying concentrations of film-formulated drug and HIV, with drug being present throughout the infection process, and (ii) protective or memory effect, where cells were pretreated with varying concentrations of film-formulated drug for 4 h, then the drug-containing medium was removed by extensive washing. The cells were exposed to HIV in the absence of exogenous drug. HIV replication was evaluated in single replication cycle HIV assays, using P4R5 HIV infection indicator cells that express CD4, CXCR4 and CCR5 as well as a β-galactosidase reporter gene under the control of an HIV LTR promoter (from Dr. John Mellors, University of Pittsburgh). Cells were maintained in DMEM/10% FBS supplemented with puromycin (0.5 g/ml). Viral infectivity was assessed in 96-well microplate assays seeded with P4R5 cells at a density of 5 × 10 3 cells/well. Cells were inoculated with 25 ng HIV-1 p24/well and the extent of infection was evaluated 48 h post-infection using a fluorescence-based β-galactosidase detection assay as previously described (Abram and Parniak, 2005) .
Statistical Analysis
Statistical analysis was performed using a two-tailed Student's t-test. A P value < 0.05 was considered statistically significant.
Results
Solid state compatibility
As shown in Fig. 1 , CMC-Na with low or medium viscosity cannot be used as film-making polymer in the formulation because of its incompatibility with EFdA, evidenced by numerous EFdA crystals that appeared on the slides in all test groups. HPMC K4M was excluded from the polymer selection due to the high viscosity of polymer solution which can introduce a lot of air bubbles. Moreover, a number of small EFdA crystals were also observed in HPMC K4M tested group (Fig. 1, panel D) . In contrast, PVA and HPMC E5 were found to be more compatible with the drug substance, and can be utilized for further formulation development.
Film formulation
The total amount of film-forming polymers (PVA and HPMC E5) was kept constant at 10% (w/w) while the composition was varied. PEG 400 was used as model plasticizer. As shown in Table 1 , it indicated that run 8 (D: 0.635) and 9 (D: 0.753) had higher scores than the other formulations, but films in run 8 and 9 were found to be greasy, probably due to the excessive amount of PEG 400. Therefore, in terms of appearance and mechanical properties of the film, formulation 5 (D: 0.588) was selected and the optimal ratio of PVA and HPMC E5 was set at 7:3 (w/w). In the follow-up experiment, the effect of plasticizer concentration on mechanical property of films was evaluated (Table 2) . Results showed that the highest value of D (1.0) could be obtained with formulation 11 which had the optimal appearance and physical property. Thus, propylene glycol (3%, w/w) was selected as optimal plasticizer in placebo film formulation. Furthermore, it was found that as the concentration of propylene glycol increased from 3% to 5% (w/w), the film became very soft and its tensile strength was much lower than the minimum of that of VCF ® , probably due to the strong plasticization efficiency of propylene glycol. In addition, sorbitol (5%, w/w) was also a good plasticizer candidate.
Characterization of drug-loaded films
EFdA distributed uniformly throughout the whole sheet of films, and mechanical characteristics of drug-loaded films were comparable to those of the placebo films, indicating that the drug substance had little impact on the mechanical properties of EFdAloaded films (Table 3) . In vitro release studies of EFdA-loaded films showed that >95% of EFdA was released from film matrix in all the media after 60 min ( Fig. 2A) . Drug release from EFdA containing films was much faster in pH 4.1 acetate buffer than in MilliQ water or PBS (pH 5.2 and 7.4), which was in good agreement with the results of solubility studies (Zhang et al., 2013) . However, there was no significant difference in the cumulative release of EFdA in acetate buffer (pH 4.1) compared to that in MilliQ water after 60 min (P > 0.05). Thus, MilliQ water was selected as the dissolution medium for quality control. Additionally, as presented in Fig. 2B , drug content and cumulative release of EFdA-loaded film did not change over a 3 month period when films were maintained under accelerated conditions (40°C /75% RH), showing excellent stability of this film formulation. In addition, there was no significant change in phys-icochemical properties of EFdA containing films including weight, thickness, water content and appearance during the storage period. Fig. 3 shows representative SEM images of the surface morphologies of EFdA powder and drug-loaded film. EFdA crystals exist in planar or flaky shape of a non-uniform particle size. The surface of EFdA-loaded films was relatively smooth and no EFdA crystals were observed on the surface of the film. XRD analysis was also performed to elucidate the crystalline state of EFdA in drug-loaded film. EFdA powder presented high crystallinity by sharp and intense diffractive peaks at 4.8°, 9.5°, 14.4°, 19.3° and 24.2° (Fig. 4) . However, the XRD pattern of the EFdA-loaded film was almost the same as that of placebo film, further suggesting that the incorporated EFdA was in an amorphous state.
In vitro cytotoxicity
Topical formulations intended for prevention of HIV infection must be safe for patients. Various dilutions of EFdA, EFdA-loaded films and placebo films were cultured with three different epithelial cell lines for 24 h and the viability was measured as compared to the untreated control using MTT assay. As illustrated in Fig. 5 , the 50% cytotoxic concentration (CC 50 ) of free EFdA and EFdA-loaded film in CaSki, HEC-1A and A431 cell lines was greater than 50 μg/ml (approximately 170 μM), which is over 100,000 times the level that provides anti-HIV activity. No cytotoxicity was seen with placebo films, indicating that both EFdA and the film components are likely to be safe for topical use.
Epithelial integrity study
The VCF ® film solution (positive toxicity control) reduced the TEER value of HEC-1A cell monolayers by ~95% at 0.5 h compared to that of negative control group; the TEER value did not return to normal levels after 24 h (Fig. 6A) , suggesting that the high cytotoxicity and disruption of TEER caused by Nonoxynol-9 was irreversible. In contrast, placebo and EFdA-loaded film-treated HEC-1A monolayers varied by no more than 15% in TEER values over the incubation period, indicating low toxicity of the films to the cell monolayers, which was in good agreement with the in vitro cytotoxicity tests.
Tissue permeability
To determine whether the drug-loaded film has some impact on the EFdA permeation profile, we carried out tissue permeability studies using excised human ectocervical explants. EFdA permeation through the ectocervical tissue was determined by quantitating the amount of EFdA found in the receptor compartment at predetermined time intervals using the HPLC method as described above. As shown in Fig. 6B , both free EFdA and film formulated EFdA were able to permeate through the epithelia of excised human ectocervical explants, and it was found that there was no significant difference between free drug and drug-loaded film groups in the permeated amount of EFdA at each time point (P > 0.05), suggesting that incorporation of EFdA into the polymeric film matrix had no impact on the permeability of drug substance. Additionally, H&E staining showed that no significant morphological change in the human ectocervical tissues was observed (Fig. 6C) .
Bioactivity study
In single replication cycle cell-based HIV assays, film-formulated EFdA showed potent antiviral activity (Fig. 7 ) similar to that provided by non-formulated drug (data not shown). Furthermore, a potent barrier to subsequent infection was established when uninfected cells were exposed to the film formulated material for 4 h prior to removal of the drug and infection with HIV (Fig. 7) . Thus the polymeric film matrix had no apparent impact on cell accessibility to the formulated EFdA.
Discussion
Over the last 20 years of microbicide research, none of the 11 effectiveness trials of six candidate products have demonstrated meaningful protection against HIV infection. The results of the CAPRISA 004 clinical trial in 2010 showed that a pericoitally dosed 1% tenofovir (an NRTI) vaginal gel had potential to be formulated as a safe, effective, and acceptable product (Abdool Karim et al., 2010) . Unfortunately, these promising results were not validated in the recently discontinued VOICE study which indicated that a once-daily regimen of 1% tenofovir vaginal gel was not effective in preventing HIV transmission. The differences in dosing regimens may account in part for these discrepant results, and the currently launched FACTS clinical trial in South Africa is designed to address the reproducibility of pericoital dosing (Ham et al., 2012) .
Many factors in addition to the active pharmaceutical ingredient (API) can impact on pharmaceutical product development and efficacy, including dosing regimen, patient compliance, dosage form, formulation composition, etc. Film formulations usually comprise API, water soluble polymers, plasticizers, fillers, colorants and flavoring agents. Filmmaking polymers should be non-toxic; non-irritant; possess good wetting, spreadability and peelability; exhibit moderate mechanical properties; and inexpensive to manufacture and package (Garg et al., 2010) . Additionally, thin film formulations usually include plasticizer to provide flexibility and pliability. The fast-dissolving vaginal film developed in this study was composed of PVA, HPMC E5 and propylene glycol. It is well known that PVA is used in the commercially available vaginal film product (VCF ® ) as the main film-making polymer. HPMC E5 and propylene glycol were also listed in the FDA Inactive Ingredients Database as accepted excipients in vaginal products. Therefore, the excipients selected in our formulation were FDA approved and found to be safe, as evidenced by our in vitro cytotoxicity and epithelial integrity tests.
The NRTI EFdA is as highly potent antiretroviral agent, inhibiting HIV in single replication cycle assays with an EC 50 of about 1 nM (Michailidis et al., 2009 ). Similar antiviral efficacy was noted in studies using the film-formulated EFdA, indicating that film components had no negative impact on drug accessibility or activity. It was well known that a central source of toxicity in clinical study stemmed from the interaction of NRTIs with human mitochondrial DNA polymerase γ, the only human polymerase capable of using these NRTIs as substrates (Koczor and Lewis, 2010; Lewis et al., 2003) . Fortunately, it indicated that EFdA was a poor polymerase γ substrate, suggesting the minimum toxicity mediated by polymerase γ (Sohl et al., 2012) . Additionally, results showed that mice treated with EFdA at doses of 5 to 50 mg/kg for 14 days did not show any body weight loss, and no acute and subacute whole-body effects were observed (Hattori et al., 2009) , demonstrating the low cytotoxicity of EFdA in vivo. Taken together, EFdA was a very promising anti-HIV agent for HIV prevention.
In this work, an overall desirability function was used for the optimization of placebo film formulation. The responses comprising tensile strength (Y 1 ), elongation at break (Y 2 ), toughness (Y 3 ) and elastic modulus (Y 4 ) were transformed into the individual desirability d 1 , d 2 , d 3 and d 4 , respectively. Among them, Y 1 should be moderate, and Y 2 and Y 3 had to be maximized while Y 4 had to be minimized. The desirable ranges were from 0 to 1 (least to most desirable). The overall desirability function was calculated by Eqs. (5-8) , and the result was shown in Table 1 . The results showed that an increase in PVA content can result in a higher tensile strength, elongation and toughness, while an increase in PEG 400 concentration reflected a decrease in tensile strength and an increase in elongation and toughness, which suggested that: (i) PVA was not only a film-making polymer but also a kind of "weak plasticizer", because addition of higher amount of PVA in the formulation resulted in an increase in elongation and toughness (Table 2 ); (ii) higher percentage of PVA (7.5%) can increase the tensile strength as well and make the film much tougher and more rigid, as evidenced by run 3 and 6; (iii) the plasticizer (PEG 400) can modify mechanical properties of the film by weakening intermolecular interactions between entangled polymer chains through hydrogen-bonding effect. From a molecular perspective, the plasticizer can penetrate into the polymer and increase the free space between the polymer chains by decreasing the cumulative intermolecular forces along the polymer chains (Tarvainen et al., 2001 ). In our study, it was found that propylene glycol had better plasticization effect than those of PEG 400 and 4000. The possible reason was that at equal concentration (3%, w/w), the total number of propylene glycol molecules in the film formulation was greater than that of PEG 400. Therefore, propylene glycol had more functional groups (-OH) than PEG 400, which can promote the plasticizer-polymer interaction by hydrogen-bonding effect (Heng et al., 2003) . Moreover, as the molecular weight (MW) of PEG increased from 400 to 4000, a significant decrease of elongation at break and toughness of the film was observed as shown in Table 2 , probably due to the lack of functional groups (-OH) and steric hindrance effect of PEG 4000 which can cause some difficulty in hydrogen bond formation and insertion between the polymer network (Luangtana-anan et al., 2010) .
Microbicides are promising strategies to prevent sexual HIV transmission. During the preclinical screening of microbicide candidates, the drug substances and delivery systems should be assessed in suitable in vitro systems to determine the toxicity of each candidate before being further evaluated in animal models and clinical settings. In this study, in vitro cytotoxicity and epithelial integrity studies were performed to evaluate the toxicity of drugloaded vaginal films. Three different epithelial cell lines were used for cytotoxicity study. The uterine HEC-1A cell line originates from a human endometrial adenocarcinoma. Caski is a uterine cervical carcinoma cell line. Apart from these two female genital epithelial cell lines, another human epidermoid carcinoma cell line A431 was also utilized to evaluate in vitro cytotoxicity. All the CC 50 values of EFdA and drug-loaded films upon these three cell lines were found to be above 50 μg/ml. As reported, EFdA showed potent antiviral activity (EC 50 = 4 nM, which was several orders of magnitude lower than CC 50 of EFdA) against NRTI-resistant HIV strains (Kawamoto et al., 2008) , suggesting that EFdA had a low cytotoxicity profile, and a low dose of EFdA might be required for formulation development because of its high potency. VCF ® film containing 28% Nonoxynol-9 was used as positive control in epithelial integrity assessment and it was found that Nonoxynol-9 can cause severe damage to the integrity of HEC-1A cell monolayers compared to that of EFdA containing films. Nonoxynol-9 has been used as the active component of spermicides for more than 20 years, and the epithelial disruption and induced serious inflammation were observed in clinical setting (Gali et al., 2010; Hillier et al., 2005) . Therefore, it is quite essential to screen out microbicide candidates that are active but do not disrupt epithelial integrity and function. Since EFdA is a novel NRTI, and works by interfering with the viral replication cycle, it is important for EFdA to permeate the stratified multilayer vaginal or cervical epithelium and reach the underlying target cells to take action. Thus, in order to understand the permeation profiles of free EFdA and EFdA-loaded film, four different fresh excised human cervical tissues were used for tissue permeability studies. Results showed that no significant difference was observed in permeated amount of drug substance in the receptor compartment between free EFdA and EFdA-loaded film groups (P > 0.05), suggesting that EFdA containing films can dissolve quickly and simultaneously release the active drug substance. Similarly, the potent antiviral activity noted with the film formulated EFdA (Fig. 7) is entirely consistent with rapid film dissolution and release of the active drug substance.
Conclusion
The fast-dissolving vaginal film containing EFdA was made by solvent casting method and optimized by using 3 2 factorial design and desirability function. The drug-loaded film with desired physicochemical property was found to be stable, non-toxic and highly potent against HIV infection. Thus, EFdA-loaded film could be considered as a promising solid dosage form for vaginal drug delivery. X-ray diffractograms of EFdA, placebo and EFdA-loaded films. In vitro cytotoxicy of EFdA, drug-loaded film and placebo film at various concentrations against CaSki (A), HEC-1A (B) and A 431 (C) epithelia cells after 24 h incubation. Each point represents mean ± SD (n = 8). Bioactivity analysis of film-formulated EFdA. Antiviral activity: P4R5 cells were simultaneously exposed to HIV-1 and the indicated concentrations of the drug. Drug was maintained in the culture throughout the 48 h infection period; Protective activity or 'memory' effect: uninfected P4R5 cells were preincubated with the indicated concentration of drug for 4 h. The cells were washed free of exogenous drug and then exposed to infectious HIV. No exogenous drug was present throughout the 48 h infection period. Table 1 Responses for 3 2 factorial design. The total amount of film-forming polymers (PVA and HPMC E5) was kept constant at 10% (w/w) while the composition was varied.
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Table 2
Selection of different plasticizers. a The films were too tough to measure, and the texture analyzer was overloaded during the measurement.
b
The film cannot be made using this polymer solution because of the phase separation. Table 3 Physicochemical properties of EFdA-loaded film. Elongation at break (%/mm 2 ) (n = 3) 506.67 ± 39.09
Toughness (g/mm) (n = 3) 83,168.56 ± 9247.50
Elastic modulus (g/mm 2 ) (n = 3) 177.02 ± 17.15
